fact that amino acids (and therefore peptides and proteins) almost certainly were synthesized along with polynucleotides under prebiotic conditions, making it almost certain that these classes of molecules coevolved (Caetano-Anolles and Seufferheld, 2013; Galadino et al., 2012) . Compositional replication models can explain such co-evolution, but not how linear replication schemes became dominant (Schuster, 2010; Norris et al., 2012) . Moreover, neither type of model accounts for how simple replicable molecules or aggregates of molecules evolved into complex cells with organized compartments and structures such as ribosomes, acidocalcisomes and functional membranes that incorporated specialized transporters and receptors. Models of the last universal common ancestor (LUCA)the presumptive first cellular form of life (e.g., Koonin, 2003; Forterre et al., 2005; Mushegian, 2008; Douzounis et al., 2006 )attempt to resolve some of these problems by working from complexity toward simplicity. LUCA models provide insight (with much disagreement) into the minimum complexity required for cellularity but reveal little about the preceding evolutionary steps. The gap is enormous between the simplicity-towardcomplexity models, which can suggest how simple replication of small sets of polymers may have emerged, and complexity-toward-simplicity models, which suggest a minimum of several hundred genes and their products networked within specialized metabolic compartments. What kind of evolvable entities might bridge this gap?
Evolvable entities existing between self-replicating polymers and fully functional cells would presumably have many, though not all, of the functions of a cell, yet be significantly simpler in composition and organization. These entities would be able to self-organize and replicate themselves; store information and replicate that information; translate the information into the components necessary to produce their functional structures; capture metabolic components and energy; and transform these into useful biochemical networks. Norris and his colleagues have called functional forms of organization midway between macromolecules and cells "hyperstructures" (Norris et al., 2007) . Such hyperstructures had to be instantiated as evolvable entities, meaning that their components would be subject to variation, replication and natural selection. Most importantly, these evolvable hyperstructure entities should exist in a vestigial form in living systems today since evolution tends to be parsimonious, utilizing whatever modules have survived previous rounds of selection to evolve the next set. Indeed, it is this parsimony that produces a molecular paleontology permitting evolution to be studied.
We suggest that a ribosome-like entity was one of the key intermediaries between prebiotic and cellular evolution.
Ribosomes are prerequisites to all cellular life, ubiquitously conserved, with genetic roots that pre-date LUCA, and therefore entities that had to evolve prior to cellular life itself (Mushegian, 2008; Wang et al., 2009; Fox, 2010) . While the ribosome may not be capable of the broad metabolic processes that characterize cellular life, the ribosome is a self-organizing complex composed of both polynucleotides and proteins that could link RNA-world to compositional replication concepts in the origins of life. Moreover, ribosomes carry out some of the most fundamental processes characteristic of living systems, including a coordinated series of chemical reactions capable of translating genetic information into functional proteins. What ribosomes are not thought to do is to carry genetic information, and in particular the genetic information required to encode their own structures and functions. But what if ribosomal RNA (rRNA), which is generally considered to be simply a structural component of ribosomes, actually represents a primitive genome encoding the genetic information needed to direct ribosomal replication, translation and self-organization?
It is important in evaluating the results reported below to keep in mind our hypothesis, which is that the ribosome evolved prior to cellular life and had the capability of genetically encoding its own transcription and translation apparatus. rRNA should therefore encode the tRNAs and proteins necessary to ribosomal function.
(This statement must, of course, be moderated somewhat by the fact that ribosomes have existed within cells for billions of years so that any information they once contained will have become, by this point in time, somewhat degraded or vestigial in nature.) This hypothesis must be compared to the modern textbook view of ribosomal RNA, which is that it is purely structural in nature, encoding no genetic information. This textbook view might be thought of as the "null hypothesis". An intermediate hypothesis might be that the amount of genetic information encoded in rRNA is purely random and therefore the number of tRNAs and ribosome-related proteins that rRNA encodes will be no more or less than any random assortment of any other set of randomly chosen RNAs. The tests reported below were chosen to differentiate between these three hypotheses.
Methods
We chose Escherichia coli K12 for our study of the possibility that rRNA encodes other functional molecules on the basis that that such a study should initially be performed on an organism such as a bacterium that is considered to be evolutionarily primitive. Moreover, the E. coli K12 genome and proteins have been very well characterized.
Sequence sources
The E. coli K12 rRNA sequences were obtained from the EcoliWiki (http://ecoliwiki.net/colipedia/index.php/16S_rRNA:Gene_Product%28s %29). The tRNA sequences were obtained as genes (i.e., DNA sequences) from Genomic tRNA Database at the University of California, Santa Cruz (http://gtrnadb.ucsc.edu/Esch_coli_K12/Esch_coli_K12-structs.html). Control mRNA sequences from the E. coli K12 genome were acquired from http://microbes.ucsc.edu/lists/eschColi_K12/refSeq-list.html. The control proteins used were: (1) the predicted fimbrial-like adhesin protein, b0135 (1239 bp); (2) a non-coding region of the genome, b0135 (769 bp); (3) broad specificity sugar efflux system protein, b0070 (1179 bp).
tRNA homology search
The possibility that E. coli K12 rRNA encodes tRNAs was explored using LALIGN (Huang and Miller, 1991) at www.expasy.ch. The alignment method was a "DNA" search for one alignment, "global without end gap penalty". Parameters for opening and end gap penalties were left at their default values. For consistency's sake, the ribosomal sequence was put in the first box as a "Plain Text". The tRNA sequence was entered in the second box, also as "Plain Text". The tRNA sequences were then searched in two ways. The first method involved transcribing the DNA sequences (i.e., genes encoding tRNAs) into RNA sequences using a complementary strand program (http://clasher.myweb.uga.edu/testpages/seqconv.html or http://bioinfx.net/). This first method matches the tRNA produced by its gene to the existing rRNA. A match between the tRNA and rRNA would suggest that the rRNA itself is the direct source of the tRNAs, presumably by a function such as fragmentation. The second method used for matching involved substituting each thymidine (T) base in the tRNA gene into a uracil (U) base using the "Find and Replace" function of Microsoft Word. This form of matching tRNA to rRNA assumes that the tRNAs might be encoded in an RNA strand complementary to the rRNA. In other words, perhaps in a primitive pre-cellular system, the tRNAs were transcribed off of the rRNAs rather than existing as fragments within them.
We note that the choice of similarity search program is essential to the results reported here. For example, if one uses the GENBANK BLAST program at NCBI to search for tRNA-rRNA similarities, the search will yield "no results" even in the "somewhat similar (blastn)" mode. The problem is that this mode looks for identical sequences that have the number of identities that are preset in the algorithm parameters. The preset on 'somewhat similar' is 11, meaning that there must be at least 11 identical base matches in a row or nothing is output. Changing the preset to 7 yields "hits" when comparing E. coli tRNAs to E. coli rRNAs, but the output is only for that specific region of identity. The program does not show how much of the rest of the sequence matches nor does it provide information about gapped matches. In other words, the program does not, as LALIGN does, look for the best overall match across the entire input sequence. We therefore caution readers to pay close attention to the parameters built into search programs when attempting to perform the kinds of analysis reported here. Knowing the purpose, and how each program performs its search, is an essential element of such investigations.
tRNA secondary structure computation
The most probable secondary structures for the tRNA-like similarities observed in the tRNA Homology Search above were computed using the RNA Structure Web at the University of Rochester: http://rna.urmc.rochester.edu/RNAstructureWeb/Ser vers/Predict1/Predict1.html. Two features of the website were utilized. One was the calculation of each tRNA similarity individually; the other was the calculation of the most likely common structure shared by two tRNA. The latter was used specifically to determine whether an rRNA-encoded tRNA similarity retained sufficient identity to a modern E. coli K12 tRNA to fold into the same secondary pattern.
Ribosomal protein homology search
BLAST2.0 (Altschul et al., 1997) at www.expasy.ch was used to determine whether E. coli K12 rRNA encodes any proteins related to ribosomal function. The 5S, 16S and 23S rRNA sequences as well as the mRNAs of fimbrial protein, sugar efflux protein and a noncoding region (controls), were translated into all six possible reading frames, one through three, the standard directlyencoded ones (5 0 -3 0 ) and four through six, the inverse complements (3 0 -5 0 ). These translations were carried out using the Translate Tool at the Swiss Institute of Bioinformatics http://web. expasy.org/cgi-bin/translate/dna_aa. BLAST searches were carried through the Swiss Institute of Bioinformatics website (http:// www.expasy.org) out against all six reading frames for each of the three rRNA sequences. Two types of BLAST searches were used. In the first, the translated rRNA sequences were entered in RAW format and compared with the ECOLI Escherichia coli K12 proteome from the "Select Microbial Proteome" list using a blastp program. Scoring sequences, best alignments to show, and E threshold were all set to "1000" and the "gapped alignment" was turned off. We emphasize that the use of the E threshold was not to produce statistical informationnor could it since every search was done using the same E-value cutoff and would therefore have essentially identical statistical probabilitiesbut rather to ensure that the data sets produced by the rRNA and control mRNA were of the same quality and value. Statistical analysis of the results was performed as an independent step described below after the data sets of rRNA and control mRNA had been evaluated for the presence of ribosome-associated proteins. The purpose of this method was to determine whether rRNA was more likely than random sets of mRNA to encode ribosome-like proteins. In the second type of BLAST search, the six rRNA proteins for each of the three mRNAs were again entered in RAW format into the blastp program, but "Escherichia coli" was chosen from the "Select a Database" section rather than the "Select a Microbial Proteome" section. This second search was broader than the first.
The other parameters in this second search were the same as in the first search.
Statistics
While BLAST searches come with built-in statistics such as the E value, these built in statistics were ignored in the current study and used instead to generate data sets that were of equal probabilistic values from which to start the testing of the hypotheses presented in the paper. These hypotheses generally take the form of proposing that rRNA is much more likely than random sets of mRNA to encode ribosome-related functions such as tRNAs and ribosomal proteins. By using the same output values in all BLAST searches for both rRNAs and mRNAs, it was possible to assure that the datasets that were generated were comparable when performing additional statistical measures directly addressing the hypotheses.
Statistical comparisons between the tRNA encodings found in the rRNAs and mRNAs of the control sequences were made using a Kolmogorov-Smirnov test. In initial trials, the tRNA results for each rRNA or mRNA were sorted by the amino acid encoded or by total number of identities; no differences in results were found comparing these two sortings, so amino acid sorting was adopted.
To generate the statistical comparisons between the protein encodings of the rRNAs and the mRNAs of the control sequences, only the similarities from the blastp search described above that had an E value of less than 100 were utilized. Using this cutoff limited the amount of data that needed to be compared to manageable proportions, since the number of total protein similarities for all six reading frames combined from any given RNA sequence was under 160 at E¼ 100, whereas using E ¼1000 yielded between 50 and 300 per reading frame. The Fisher Exact Test was obtained from http://graphpad.com/quickcalcs/contin gency2/ The Kolmogorov-Smirnov (K-S) test was run in R version 3.1.0 using the ks.test command. The Bonferroni correction was applied to all tests in order to control the family wise error rate, due to multiple testing of each data set (Gould and Gould, 2002) .
To generate the statistical comparisons between active sites within rRNA-encoded proteins and mRNA-control-encoded proteins, all of the ribosomal-function-related proteins generated by the method described above were manually entered one at a time into the UniProt database system via www.expasy.org. The number of protein sequences for which there was no structural information was accumulated as was the number for which there was structural information. Those for which structural information was available were categorized as either falling into a region of the protein that did not have a known function or, if it overlapped or encompassed a functional region, was listed as having a known function. The percentage of rRNA-encoded protein similarities having a known function was calculated by dividing the number of proteins with known function by the total number of proteins with known and unknown functions (but ignoring the proteins for which no functionality was available). The percentage of active proteins from rRNA-encoded proteins was then compared by chisquared analysis to the percentages of rRNA-encoded active proteins from mRNA-encoded proteins. Since each percentage was used in multiple tests, a Bonferroni correction was applied to all tests (Gould and Gould, 2002) .
Results
Overall, our results clearly favor the hypothesis that the ribosome may have been a primordial self-replicating entity over the alternative hypotheses that rRNA contains no genetic information or that it contains random genetic information such as might be found by chance in any string of RNA.
tRNAs encoded in rRNAs
In order to determine whether rRNA encodes any tRNA-like sequences, the LALIGN [16] similarity program on the Swiss Institute of Bioinformatics (www.expasy.ch) was used to compare E. coli K12 rRNA 5S, 16S and 23S sequences with E. coli K12 tRNA sequences (see Section 2 for sources of sequences) in a pairwise fashion using the DNA function. The LALIGN results were performed in two ways. One was a global search without end-gap penalties and the other was a local search with end-gap penalties at the default settings. All reported similarities between the rRNA and tRNAs were at least 50% identical over the entire tRNA sequence, and as much as 70% identical. In most cases, the reported similarities include an identity at the anticodon site for the particular amino acid tRNA in question. These results were compared with the similarities derived from an identical search of an E. coli K12 fimbrial protein RNA, sugar efflux protein RNA and a noncoding region of the genome for tRNA similarities. The control mRNAs had significantly fewer tRNA similarities of any given degree of identity than did the rRNAs. The results of the global search are shown in Table 1 . In the global comparisons, the 16S and 23S sequences do not differ significantly from each other in the degree to which tRNA sequences are found in their sequences (p¼0.818, Kolmogorov-Smirnov test), nor do the control sequences differ significantly from one another (see Table 1 ). Both the 16S and 23S sequences, however, differ significantly from the control sequences (all combinations po0.017, Kolmogorov-Smirnov test with Bonferroni correction for 3 comparisons (α¼0.017)). Very similar differences were found in the local similarity search ( Table 2) .
Encoding of tRNAs in rRNAs was found to occur in two ways. All genetically encoded tRNAs for all twenty standard amino acids are encoded indirectly in both the 16S and 23S rRNAs. Fig. 1 shows the actual results of the homology searches for the indirect encodings found on the 16S rRNA, while Fig. 2 provides a graphical summary of the same results. Fig. 3 shows the graphical summary for the indirect encodings of tRNA on the 23S rRNA. These indirectly encoded tRNAs can be produced by replicating the appropriate rRNA sequence to produce a complementary RNA that would function as a tRNA. Alternatively, if the entire rRNA could itself be replicated into a complementary rRNA, that complementary rRNA could be cut or edited into fragments to produce appropriate tRNA sequences.
The entire set of genetically encoded tRNAs are also encoded directly in the 16S rRNAs so that it would be possible to generate the tRNA sequences by cutting or editing the rRNA itself into appropriate fragments (graphically represented in Fig. 4 ). The 23S rRNA, however, directly encodes only six tRNAs (graphically represented in Fig. 5 ). The 5S rRNA contained one tRNA-like sequence similar to the alanine and arginine tRNA (not shown). The fact that the search program did not identify tRNA-like sequences for the vast majority of the amino acids by direct homology in either the 23S or 5S rRNAs provides a good negative control helping to confirm that the positive results described above are unlikely to be due to chance.
It is striking that the entire set of tRNAs appear to be encoded in a redundant fashion within the 16S and 23S rRNAs. Not only does the entire set of tRNAs appear both directly and by replication in the 16S rRNA, but they are repeated in the 23S rRNA. In some cases, the redundancy is such that tRNAs encoding more than one amino acid overlap within the same sequence. In other cases, the best match for several different tRNAs localizes to an identical sequence, suggesting that primitive tRNAs may have been less specific than those that evolved more recently-a result that is not unexpected in a primitive system.
rRNA-encoded tRNAs fold properly
While it is not possible to say with certainty that any of the overlapping tRNAs observed here were functional in a pre-cellular world without performing appropriate experimental tests (see Discussion), it is notable that the vestigial sequences retained in the ribosomal RNA do retain, at least theoretically, the ability to fold into tRNA-like structures. In order to demonstrate the possibility that the rRNA-encoded tRNA-like sequences might have had actual tRNA functions, the homologous sequences were input into the RNA Structure Web at the University of Rochester and the most Table 1 Statistical comparison of probabilities that differences in tRNA sequence appearance in rRNAs and control RNAs are due to chance. Each tRNA encoded in E. coli K12 was compared with each rRNA (16S and 23S) of E. coli K12 and with the E. coli K12 fimbrial protein, sugar efflux protein, and non-coding region mRNAs to determine whether that tRNA sequence appeared in the rRNA or mRNA. Only those sequences having at least 50% identity over the entire tRNA sequence were considered to be a "match". tRNA-RNA sequence similarities were determined using an LALIGN global DNA search that looks for the best overall match for the entire search (tRNA) sequence. The number of "matches" was compared. The top row of statistics for each match are the p values from the Kolmogorov-Smirnov test. Bonferroni correction for 3 comparisons for each data set means that significance at the p ¼0.05 level is accepted at p ¼0.017 (i.e., α¼ 0.017). p Values that remain significant are in bold. D gives the effect size. 16S is the 16S rRNA; 23S is the 23S rRNA; FIMBRIAL is the predicted fimbrial-like adhesin protein, b0135; SUG EFFL is the broad specificity sugar efflux system protein, b00702; and NON-CODE is a noncoding region of the genome, b0135. The results clearly demonstrate that rRNA encodes tRNAs at a significantly higher rate than a random assortment of mRNAs, and certainly higher than would be predicted from the "null hypothesis". 
Table 2
Statistical comparison of probabilities that differences in tRNA sequence appearance in rRNAs and control RNAs are due to chance. tRNA-RNA sequence similarities were determined using an LALIGN local DNA search, which looks for the best match between any two regions of the sequences being compared. As in Table 1 , only those sequences having at least 50% identity over the entire tRNA sequence were considered to be a "match". The number of "matches" was compared for the 16S and 23S rRNAs and the fimbrial, sugar efflux and non-coding mRNA controls. Bonferroni correction for 3 comparisons for each data set means that significance at the p ¼ 0.05 level is accepted at p ¼0.017 (i.e., α¼ 0.017). p Values that remain significant are in bold. D gives the effect size. See Table 1 for key to RNA identities. As in Table 1 , the results clearly demonstrate that rRNA encodes tRNAs at a significantly higher rate than a random assortment of mRNAs, and certainly higher than would be predicted from the "null hypothesis".
tRNA LOCAL COMPARISONS 23S FIMBRIAL SUG EFFL NON-CODE AVG 58.0 AVG 40.5 AVG 42.1 AVG 44.4
likely secondary structures computed. A selection of these computed secondary structures is shown in Figs. 6-8. Fig. 6A and B display the lowest energy secondary conformations of replicated 16S and 23S Asp tRNA homologues. Fig. 7A ; bottom row shows where the best homology for each tRNA maps; solid bars between the lines indicate identities between the base pairs at that position. Underlined base pairs indicate where the anticodon is in each tRNA and its homology. Note that many of the encodings of tRNAs overlap. a third loop located near residue 60. Thus, some of the canonical aspects of the cloverleaf pattern associated with tRNA structures are found in these ribosomally-derived sequences as well. One unexpected (for us), but widely repeated, result of our tRNA structural investigation is shown in Fig. 8A and B , where the secondary structure of the normal E. coli K12 Ala tRNA is compared with the favored secondary structure of the transcribed 23S Ala tRNA homologue. The lowest energy conformation calculated by the program was not the typical cloverleaf pattern, but an even more energetically favored conformation (energy for Ala tRNA À 29.0 versus À 27.4 for the more typical cloverleaf pattern). This alternative conformation still has loops near residues 20, 40 and 60, but with an overall arrangement that is more linear. This linear organization was repeated seen in other tRNAs and homologues such as those for the 16S and 23S Gly tRNA homologues (data not shown).
Such linear arrangements of tRNA have been observed experimentally. Some mitochondrial tRNA also lack one of the three "leaves" of the typical cloverleaf pattern (see, e.g., Belostotsky et al., 2011; Pereira and Baker, 2004; Ohtsuki and Watanabe, 2007; Watanabe et al., 2014) . This alternative structure may therefore represent the vestiges of a more primitive tRNA structure that evolved primordially and functioned as a simple translation molecule Seligmann, 2008 Seligmann, , 2010a Seligmann and Labra, 2014) . In addition this result may have a link with evidence that tRNA lateral arms also have anticodon functions (Seligmann, 2013a (Seligmann, ,b, 2014 , which is consistent with experimental observations on "armless" tRNA 
rRNAs encode ribosome-related protein modules
In order to determine whether E. coli K12 rRNA also encodes proteins, a BLAST2.0 search was performed using the Swiss Institute of Bioinformatics ExPASy website (www.expasy.ch). The 5S, 16S and 23S rRNA and the three randomly selected control sequences (fimbrial protein RNA, sugar efflux protein RNA and non-coding region) of E. coli K12 were translated into each of their six possible reading frames (one through, three 5 0 -3 0 , and four through six, inverse complements [3 0 -5 0 ]). Each resulting protein sequence was entered in the BLAST program and compared with the E. coli K12 proteome from the "Select Microbial Proteome" section. Those sequences having an E value of less than 1000 were output. The use of the E value of 1000 was not intended to imply any statistical evaluation of the results, but was used simply as a standard benchmark that would produce data from each search that was equivalent to every other search in the quality and number of similarities generated. The object of this part of the study was to determine whether rRNA is more likely to encode ribosome-related proteins than are mRNAs from any other part of the E. coli genome. Therefore, the resulting similarities were filtered for their direct relevance to ribosome function focusing on tRNA synthetases and transferases that would permit amino acid loading of tRNAs; RNA and DNA polymerases, ligases, recombinant hot spot proteins, etc. that might foster transcription of polynucleotide sequences; proteins specifically identifiable as ribosomal proteins; and phosphatases and related phosphate binding and transporting proteins that would be needed to synthesize RNA and DNA as well as provide the energy for transcription and translation. For the 5S, 16S and 23S rRNAs, these four sets of ribosomal function-related proteins represent up to 50% of the total matches generated from the BLAST search whereas an identical BLAST search yielded only about 8% ribosome-related proteins when RNA sequences for the fimbrial protein, sugar efflux protein and non-coding region of E. coli K12 were used. These results suggest that one in four or five of the protein similarities found from the rRNA search may have occurred by chance. A Fischer's Exact Test with Bonferroni correction revealed very significant differences between the rRNAs and the fimbrial protein, sugar efflux protein and non-coding region RNAs, with all po0.017 (Table 3) , but no significant differences were found in the number of ribosome-related proteins encoded by the 16S and 23S rRNAs, nor any significant differences between the number of such protein encoded by the various control RNAs.
Key similarity results for the ribosomal proteins encoded in rRNAs are summarized in Figs. 9-12. These Figures reinforce the statistical results showing that rRNA sequences encode an unusually large proportion of ribosome-related proteins. While many additional matches were also found to non-ribosomal proteins, these have been omitted in the Figures in order to keep the present paper to a reasonable length. These additional protein matches suggest the possibility that fragments of ribosomally-encoded proteins were incorporated into many other proteins involved in functions such as replication, sugar metabolism, etc., during cellular evolution, a possibility that we will explore in a later paper. Fig. 9 summarizes protein sequences from tRNA synthetases and transferases that are encoded in rRNA. Synthetases and transferases are enzymes that catalyze the covalent attachment of specific amino acids to their corresponding tRNAs. These sequences are the high-similarity regions and are often fragments of longer sequences of lesser similarity. Sequences matching modules within proteins required to attach most of the standard 20 amino acids to their tRNAs are present in Fig. 9 . Fig. 10 summarizes protein sequences from RNA-and DNApolymerases that are encoded in rRNA. Polymerases are enzymes that catalyze replication and transcription of polynucleotides. Since RNAand DNA-polymerases evolved from common ancestral enzymes containing a single highly conserved peptide at their catalytic core that seems to be able to polymerize both types of polynucleotides (Steitz, 1998; Cramer, 2002; Iyer et al., 2004) , care must be employed in accepting the modern identification of these proteins as being RNAor DNA-specific. What can be said is that rRNA encodes possible polyribonucleotide polymerase fragments that could potentially have participated in the replication of RNA, the replication of DNA, the reverse transcription of RNA into DNA or the transcription of DNA into RNA. It is also notable that the rRNAs encode several highly conserved recombinant hot spot protein (rhs) modules. Rhs proteins regulate many functions including transcription, RNA processing, nucleotide biosynthesis and metabolism, and tRNA expression (Aggarwal and Lee, 2011) as well as polynucleotide recombination. Fig. 11 summarizes protein sequences encoded in rRNA that are similar to ribosomal proteins. Ribosomal proteins have many functions including structural ones; creating binding sites for mRNAs, tRNAs and peptide chains; providing orientation for these molecules relative to each other; acting as catalytic sites for ribosomal reactions; and mechanical functions such as moving the growing peptide chain past the mRNA encoding its synthesis. Fragments of many of the key ribosomal proteins from the 50S and 30S ribosome subunits are present in this list and include various synthases, transferases, and ligases. Fig. 12 summarizes protein sequences that involve phosphorylation reactions including the synthesis of RNA nucleosides and DNA nucleotides, phosphate uptake and transport, and phosphatases. Such proteins are essential for energy storage and transduction and their presence in the rRNA provides evidence that primitive ribosome-like entities may have encoded the basic elements of the energy metabolism system required to drive ribosomal functions. Among these proteins are epimerases and other enzymerelated sequences involved in the synthesis of ribonucleotides and deoxyribonucleotides. Note that the sequences presented in Fig. 12 represent a selection of the results that have been winnowed down for space reasons.
Most rRNA-encoded protein Modules represent active sites
An obvious question is whether the ribosome-related protein sequences listed in Figs. 9-12 are functional. This question can only be answered definitively through experiment, but it is also possible to evaluate whether each similarity is located in a region that is known to be functionally active in the modern protein with reference to the annotations associated with the UniProt protein database (www.expasy.org). Every sequence listed in Figs. 9-12 as well as every control protein similarity that was generated in determining the statistics reported in Table 3 was evaluated for whether it overlapped or included a known active site. Approximately a third of the proteins analyzed lacked sufficient information to make such a determination and these data were discarded. Data were then gathered and analyzed by chi-squared analysis (Table 4 ) for all the proteins for which active sites were known or for which mutagenesis studies could identify key regions of protein activity. These data are summarized in Table 4 , which clearly demonstrates that the number of active site-related similarities is much higher (55%) in rRNA-encoded proteins fragments than in fragments of proteins encoded by the control proteins (average 19% active sites). The differences in frequency of activesite related rRNA proteins compared with the control proteins is very highly statistically significant by chi-squared analysis after Bonferonni correction, but no significant differences were found between the different control proteins. The key active site data for the rRNA-encoded sequences follows.
Table 3
Statistical comparison of probabilities that differences in the appearance of ribosome-related proteins in rRNAs and control RNAs is due to chance. Each RNA was translated into all six possible reading frames and the resulting "proteins" compared with E. coli K12 genome by means of BLAST 2.0. A Fischer's exact test was employed; there is no test-specific effect size statistic so none is reported. Bonferroni correction for 3 comparisons for each data set means that significance at the p ¼0.05 level is accepted at p ¼0.017 (i.e., α ¼0.017). p Values that remain significant are in bold. See Table 1 for key to RNA identities. As in Tables 1 and 2, the results clearly demonstrate that rRNA encodes tRNAs at a significantly higher rate than a random assortment of mRNAs, and certainly higher than would be predicted from the "null hypothesis".
PROTEIN COMPARISONS 23S
FIMBRIAL Fig. 9 shows the various amino acid synthetases and transferases encoded by rRNA. Of 32 sequences, no information concerning active and binding sites was available for 11 sequences. Thirteen of the sequences fell into regions of the modern proteins for which no specific function has been identified, but where information was available, all of the sequences were parts of beta strand regions. The remaining eight sequences matched recognized functional regions of modern proteins. NP_414736.1| prolyl-tRNA synthetase: 531-545 is in the anticodon binding domain of the enzyme (uniprot/P16659); NP_418047.1| selenocysteinyl-tRNA-specific translation factor 168-175 is within the tr-typeG domain (uniprot/P14081); NP_418063.1| tRNA Leu mC34, mU34 2 0 -O-methyltransferase 80-116 is within the binding site of for tRNA (uniprot/P0AGJ7). NP_416154.1| tyrosyl-tRNA synthetase 236-246 cross-links to tRNA and binds ATP (uniprot/ P0AGJ9). NP_416969.1| elongator methionine tRNA (ac4C34) acetyltransferase 273-319 contains ATP binding site (uniprot/P76562). NP_417635.1| tRNApseudouridine (55) synthase: 205-220 is probably part of the substrate binding site that includes residue 202 (uniprot/P60340). NP_415722.1| peptidyl-tRNA hydrolase 125-137 mutation of 134 results in functional failure (uniprot/P0A7D1). NP_416154.1| tyrosyl-tRNA synthetase: 224-248 is the ATP binding site and part of the tRNA cross-linking site (uniprot/P0AGJ9). NP_416380.1| aspartyl-tRNA synthetase 440-450 is the aspartate binding site (uniprot/P21889). Fig. 9 . tRNA synthetases and transferases encoded in E. coli K.12 rRNA. Sequences are listed using the single letter amino acid abbreviations. The middle rows list the amino acids shared by the ribosomally-encoded protein sequence and that of the modern E. coli K12 protein. The " þ" sign in the middle rows indicates substitution of a similar amino acid. The reading frames for the rRNA sequences are: frame 1, forward (5 0 -3 0 ) starting at the first base pair; frame 2, forward starting at the second base pair; frame 3, forward starting at the third base pair; frame 4, inverse complement (3 0 -5 0 ) starting at the first base pair; frame 5, inverse complement starting at the second base pair; frame 6, inverse complement starting at the third base pair. Fig. 10 lists the various RNA-and DNA-related enzymes found within the rRNA sequences. Of the 25 sequences listed there, no information about either the structure or function of their modern equivalents was found for four sequences. Two sequences, NP_415702.1| DNA polymerase V, subunit C 349-372 and NP_418415.1| RNA polymerase, β prime subunit, 241-251, are probably in an inactive, stuctural regions of their proteins according to data available on the SwissProt database. Three of the remaining 19 sequences are in regions that have essential enzymatic functions.
NP_418415.1| RNA polymerase, β prime subunit 546-567 is in the Rpb2 domain 3 region of the polymerase which is also known as the fork domain and is proximal to the catalytic domain (uniprot/ P0A8T7). NP_416906.1| DNA ligase 204-230 contains both helix and beta strand and mutation of residue 208 eliminates 99% of enzyme activity suggesting that this is a critical region of the active site (uniprot/P15042). NP_418300.1| fused DNA polymerase I 5 0 -3 0 polymerase 8-35 is within the 5 0 -3 0 exonuclease region (uniprot/ P00852). And finally, the remaining 16 sequences are highly conserved recombinant hot spot (rhs) element core protein fragments, all of which are within recognized protein domain repeats, suggesting that they are very likely to be important functional elements of these proteins (uniprot entries P16916; P16917; P16918). Fig. 11 shows the similarities between rRNA-encoded proteins and ribosomal proteins. Of 25 sequences listed in the Figure, no information about active sites was available for seven. Of the remaining eighteen, half overlapped known active sites while half did not. The nine that overlapped ribosomal protein active regions were the following: NP_415785.1| 23S rRNA pseudouridine synthase: 9-23, which represents the S4 RNA binding region (uniprot/P37765); NP_417954.1| 16S rRNA m(2)G1516methyltransferase 172-236 straddles the 16S rRNA binding site for methylation (uniprot/P68567); NP_417099.4 16S rRNA processing protein: 101-112 overlaps the binding site for 30S and S19 (uniprot/P0A7 Â 6); NP_415373.1 ribosomal protein S6 modification protein: 203-216 comprises the nucleotide (ATP)binding site (uniprot/P0C0U4); NP_418410.1| 50S ribosomal subunit protein L11: 49-84 contains 3 methylated lysines suggesting active region (uniprot/P0A7J7); NP_417747.1| 16S rRNA m(5)C967 methyltransferase: 307-312 is the binding site for 16S rRNA (uniprot/P36929); NP_415785.1| 23S rRNA pseudouridine(2605) synthase: 85-106 forms active site (uniprot/P37765); YP_026225.1| fused ribosome-associated ATPase: 261-281 forms part of the ABC transporter 2 region (uniprot/P37624). Fig. 12 shows the similarities between rRNA-encoded proteins and phosphotases or related enzymes. Of the 54 sequences listed, there is no information available on functional regions for 24. Seventeen of the similarities do not match any region with a function that has so far been identified by experiment. Thirteen of the similarities do match regions of enzymes with known functions: The similarity with NP_417388.1| D-3-phosphoglycerate dehydrogenase 246-271 includes NAD binding site and part of the enzyme active site (uniprot/P0A9T0); NP_417665.1| 3-deoxy-D-manno-octulosonate 8-phosphate phosphatase 70-94 contains two elements of the substrate binding region (uniprot/P0ABZ4); NP_417633.4| polynucleotide phosphorylase/polyadenylase 323-345 interacts with RNAase E (uniprot/P05055); NP_416170.1| putative ATP-dependent helicase 271-322 helicase C terminal (uniprot/P30015); NP_418040.1| L-ribulose-5-phosphate 4-epimerase 156-186 contains part of zinc binding site of enzyme (uniprot/P37680); NP_414917.2| bacterial alkaline phosphatase 174-209 contains magnesium binding site (uniprot/ P00634); NP_414641.1| nucleoside triphosphate pyrophosphohydrolase 33-61 contains all four elements of magnesium binding site (uniprot/P08337); NP_417242.1| 3 0 -phosphoadenosine 5 0phosphosulfate reductase 168-219, mutagenesis of 209 reduces enzyme Vmax suggesting this region contains active site (uniprot/P17854); NP_415279.1| galactose-1-phosphate uridylyltransferase 295-307 contains the iron-binding site of the enzyme (uniprot/P09148); NP_416995.1| phosphoribosylglycinamideformyltransferase 170-181 contains the 5 0 -phosphoribosylglycinamide binding site (uniprot/P08179); NP_418391.1| phosphoenolpyruvate carboxylase: 587-601-mutation 587 results in complete loss of enzyme activity arguing this region is in the active site (uniprot/P00864); NP_415500.1| phosphoanhydridephosphorylase: 38-48 contains substrate binding site and nucleophile active site (uniprot/P07102); NP_416006.4|c-di-GMP phosphodiesterase: 424-437 is located in the GGDEF domain (uniprot/P76129). Overall, approximately one third of all of the rRNA-encoded proteins have similarities to identified active regions of the proteins they mimic; that proportion increases to over one half (55%) if only proteins with information regarding active regions are included in the calculation; and this calculation assumes that information regarding active regions of the proteins in question are known in complete detail, which is rarely the case in reality. Thus, there is a reasonable probability that any protein fragment encoded by an rRNA in any reading frame would have had some ribosome-related functionality in a pre-cellular world. Moreover, rRNA sequences incorporate active regions at a much higher frequency than do any of the control mRNAs studied. Each of the control mRNA (for fimbrial protein, sugar efflux protein and the non-coding region) were analyzed as was done for the rRNA sequences just described.
Overall, only one in ten sequences could be identified with an active region of the protein it mimicked as compared with one third of the rRNA-encoded proteins. Among the proteins for which functional information was available (about 2/3 of the sequences), active regions were identifiable in an average of only 18% of the homologous regions of these proteins as compared with 55% for the rRNA sequences. Thus, rRNA is far more likely to encode active protein segments than a random selection of mRNA sequences. As Table 4 demonstrates, the difference in the probability that an rRNA sequence will encode active-site regions of proteins is statistically significantly much higher than that a random mRNA sequence will do so (po0.001 after Bonferonni correction) whereas none of the control mRNA sequences encode such active regions at rates significantly different from one another or from their average. Fig. 10 . Polymerases, ligases and peptidases encoded in rRNA of E. coli K12. Sequences are listed using the single letter amino acid abbreviations. The middle rows list the amino acids shared by the ribosomally-encoded protein sequence and that of the modern E. coli K12 protein. The " þ" sign in the middle rows indicates substitution of a similar amino acid. The reading frames for the rRNA sequences are: frame 1, forward (5 0 -3 0 ) starting at the first base pair; frame 2, forward starting at the second base pair; frame 3, forward starting at the third base pair; frame 4, inverse complement (3 0 -5 0 ) starting at the first base pair; frame 5, inverse complement starting at the second base pair; frame 6, inverse complement starting at the third base pair. Fig. 13 presents a map illustrating the locations of all of the tRNA and the selected protein sequences described above that are encoded in the 5S, 16S and 23S rRNAs. In most cases, the blank spaces in the protein translation frames actually encode proteins as well, but not those selected here for their relevance to ribosomal function. The map clearly demonstrates that all three rRNAs encode massive amounts of ribosomal function-related information. As noted above, the 16S and 23S rRNAs can be transcribed into a complete set of tRNAs and the 16S rRNA also contains many of the tRNAs encoded in such a way that they would be yielded by the fragmentation of the rRNA itself. In addition, all six possible reading frames of each of the rRNAs are utilized to encode ribosome-related proteins. In some cases, especially in the 5S rRNA, but to a lesser extent in the 16S and23S rRNAs as well, the proteins are encoded in an overlapping fashion within each reading frame so that translating a sequence at one amino acid yields a protein similar to a phosphatase, while beginning the translation several amino acids later yields a protein that is similar to a peptide ligase or protease, etc.
rRNAs contain massive amounts of genetic information in overlapping encodings
A second type of protein BLAST search was performed selecting "Escherichia coli" or "all proteomes" from the "Database" section of the program rather than the "Select Microbial Proteome" section (see Section 2). This second type of search examined possible homologies with all E. coli subspecies. This search generally confirmed the first type of BLAST search and demonstrated that the same types of homologies that we found for E. coli K12 occur throughout E. coli subspecies and in many other bacterial species as well (data not shown). Given the length of the current paper, a fuller account of these data demonstrating the generalizability of our results will be presented elsewhere. The critical point here is simply that the results we are reporting are not unique to the species of bacterium that we have analyzed but occur in a much wider range of microbes as well.
Discussion
The interpretation of our results must be made as a function of the three hypotheses we set out to test against each other: (1) that the ribosome evolved prior to cellular life and had the capability of genetically encoding its own transcription and translation apparatus. rRNA should therefore encode (at least in vestigial manner) the tRNAs and proteins necessary to ribosomal function; (2) that ribosomal RNA is purely structural in nature, encoding no genetic information related to tRNAs or ribosomal proteins (the "null hypothesis"); and (3) that the amount of genetic information encoded in rRNA is purely random and therefore the number of tRNAs and ribosome-related proteins that rRNA encodes will be no more or less than any random assortment of any other set of randomly chosen RNAs.
Our results clearly favor the hypothesis that the ribosome could have been a self-organizing, self-replicating pre-cellular entity. To summarize, our study demonstrates that the rRNA of E. coli K12 is not merely a structural component of ribosomes but also encodes, at least in a vestigial manner, essential elements of many key components of the transcription and translation mechanisms of modern cells. Sequences homologous to all of the tRNAs required to translate mRNA into proteins are present in the 16S and 23S rRNAs. These tRNAs are encoded in two different ways. They are encoded directly within the rRNAs so that fragmentation of the rRNAs can result in the tRNA sequences. The tRNAs are also encoded as complementary sequences, so that they can be produced by either replication of short sequences of the rRNA or by fragmentation of the entire sequence of a replicated rRNA. Fragments of many of the synthetases required to load the tRNAs with their appropriate amino acids are encoded in the rRNA sequences. Fragments of many proteins making up the structure of ribosomes are also encoded in the rRNAs. And fragments of synthases and polymerases required to reverse transcribe rRNA into DNA and then transcribe the DNA back into rRNA or, perhaps, to directly replicate rRNA into complementary RNA, are also encoded in the rRNA. Finally, fragments of many proteins necessary to transduce energy from ATP or NADH into synthesizing proteins and RNAs are also present in rRNA. The statistical analyses indicate that ribosome-related information is not carried by a random selection of RNA sequences other than rRNAs.
tRNA-rRNA similarities as clues to ribosome evolution
Looking specifically at the tRNA-rRNA similarities, one might question whether such similarities occur simply because tRNA and rRNA are both high structure polyribonucleotides made up of Fig. 10. (continued) multiple stem-loop structures. This is, of course, a possibility, but there are four arguments against this factor explaining the results we have reported here. First, while one might expect tRNA to mimic by chance one or two regions within a rRNA, there is no reason to expect to find all twenty tRNA encoded by chance in separate places within the rRNA. Second, stem-loop structures can be formed by any appropriate sequence of bases so that an infinite set of possible sequences exists. The hypothesis we are testing here is whether specific tRNA sequences occur in the rRNA, which they do at higher frequency than expected by chance. Third, one would not, a priori, expect any rRNA fragments to fold into tRNA-like structures, as we have reported here, since these rRNA sequences have presumably been selected for ribosomal functions, not for tRNA-like functions. Yet many of the tRNA-like rRNA sequences do fold into tRNA-like structures with loops at the appropriate places and in the proper order. Once again, since there are an infinite number of permutations of stem-loop structures that RNA sequences could theoretically take on, it is a priori unexpected to find them folding into cloverleaf-like patterns typical of tRNA. Fourth, we have internal controls that suggest that the incorporation of tRNA into rRNA is not simply due to rRNA and tRNA both sharing the ability to self-order: the normal reading frame of the 23S rRNA contains only a handful of tRNA-like regions in distinct contrast to the transcribed 23S and 16S rRNA reading frames. Simply having a high degree of stem-loop structures cannot therefore account for the appearance of all 20 tRNA in multiple copies and in multiple reading frames in the 16S rRNA or for the appearance of the 20 tRNA in the transcribed reading from of the 23S rRNA. And finally, even if one were to deny all of these arguments and assert that our findings could be due to chance, chance does not obviate the observation that tRNA appear to be encoded in rRNA, that rRNA may have been the evolutionary source of tRNA or that tRNA may have, conversely, given to rRNA. Evolution works by chance. The issue is not whether the appearance of tRNA in rRNA is by chance, but whether there was selection for such chance events that has caused these homologies to be retained through evolution and we claim there was because of additional data we offer concerning the unusually high degree of active site protein modules associated with ribosome function that are also encoded in the rRNA.
The observation that tRNAs are encoded in ribosomal RNA in an overlapping manner may seem quite odd to many readers, but overlapping tRNA encoding is very common in mitochondria from an extremely wide range of species (Seligmann, 2010a (Seligmann, ,b, 2011a (Seligmann, ,b, 2013b (Seligmann, , 2014 ) , including all metazoans (Mörl and Marchfelder, 2001; Reichert and Mörl, 2000) . Some of these overlapping tRNA encodings are, like the ribosomal ones observed here, found on the antisense strand of the gene (Seligmann, 2006; Faure et al., 2011) . Many of these overlaps are known to be functional: Functional mitochondrial tRNA gene overlaps exist in human mitochondria (Reichert et al., 1998) and in all metazoans (e.g., Mörl and Marchfelder, 2001; Reichert and Mörl, 2000; Hatzoglou et al., 1995) , but apparently not in organisms such as yeast or Escherichia coli (Schuster et al., 2005) . Schuster et al. (2005) , however, experimentally introduced such overlaps into yeast demonstrating that they can still process these overlaps functionally. Schuster et al. (2005) interpret their results to suggest that yeast is "on its way to evolving tRNA editing"; we suggest instead that yeast retains the vestigial mechanisms for such editing and that overlapping tRNA were once universal, originating in the ribosome itself.
The observation that tRNA are encoded sequentially and sometimes in an overlapping manner is also very interesting in light of the research of de Farias (2013), de Farias et al. (2014) who have shown that the protein translation cores (PTC) embedded in the 23S rRNA subunit of Thermus thermophilus ribosome is very similar to a concatenation of sequential tRNAs. "In this study the information content between the concatamers of ancestral tRNAs and the catalytic regions of PTC of various organisms were also compared, and a positive correlation among all molecules was observed, demonstrating that, despite the long evolutionary time, this molecule has vestiges of its early origin." Bloch et al. (1984 Bloch et al. ( , 1989 have similarly proposed that rRNAs may have evolved from concatenations of primitive tRNA-like modules, which is certainly consistent with the observations we have made here. Thus, the ribosome may contain within itself a "molecular paleontology" revealing the key step by which it evolved and the components involved in that evolution (Root-Bernstein, 2012).
Overlapping protein encodings
The observation that rRNAs encode overlapping genes in multiple frames is also to be expected since overlapping genes have been demonstrated to exist in functional forms in almost every organism from viruses and bacteria to vertebrates (e.g., Firth, 2014; Fonseca et al., 2014; Fukuda et al., 2003; Huvet and Stumpf, 2014; Makalowska et al., 2005; Mir and Schober, 2014; Pallejà et al., 2008; Seligmann, 2012a Seligmann, ,b,c, 2013a . Such gene overlaps minimize the amount of genetic material required to encode the maximum number of proteins. Such overlaps also suggest that apparently unrelated proteins may share inobvious common genetic information due to frameshifting. What is surprising about the multiple overlaps in gene encodings, and the use of all six possible frames of translation, is that such overlapping encodings would have required that multiple selection criteria be at work simultaneously in the evolution of rRNA for a significant amount of time to yield such an information-dense rRNA genome. Such selection could only evolve through a very rigorous interaction Fig. 10. (continued) between genes and gene products such as might be expected of a self-organizing RNA-protein complex such as a ribosome.
In short, two conclusions are inescapable. First, the ribosomerelated information encoded in rRNA is extremely dense-so dense as to make it extremely likely that extensive selection over a very long geological period of time must have been at work to incorporate its many facets. rRNA appears to have been used evolutionarily as structural components of the ribosomes themselves; as tRNAs to translate the sequences; as mRNAs, using all possible reading frames, to encode key ribosomal proteins; and it is also highly redundant, encoding some functional elements such as tRNAs, polymerases and ligases in multiple ways. A second conclusion is that rRNA specifically encodes molecules associated with functions that could potentially have permitted a primitive ribosome to reproduce itself. The fact that all of this information resides in the ribosomes of present-day E. coli (and other bacterial) species must be considered in light of several billion years of evolution that have occurred since ribosomes were incorporated into cells. The remaining homologies are almost certainly vestigial and represent fragments remaining after gene loss or transfer to the cellular genome. Thus, the primordial ribosome may have been more complex or complete than that represented by our search strategy.
Another likely implication of our results is that RNA co-evolved with proteins to yield a self-organizing, self-replicating entity. Given the high information density found in the ribosome, selection is likely to have been for peptides that could bind to the RNA sequences Fig. 11 . Ribosomal Protein subunits encoded in E. coli K.12 rRNA. Sequences are listed using the single letter amino acid abbreviations. The middle rows list the amino acids shared by the ribosomally-encoded protein sequence and that of the modern E. coli K12 protein. The "þ " sign in the middle rows indicates substitution of a similar amino acid. The reading frames for the rRNA sequences are: frame 1, forward (5 0 -3 0 ) starting at the first base pair; frame 2, forward starting at the second base pair; frame 3, forward starting at the third base pair; frame 4, inverse complement (3 0 -5 0 ) starting at the first base pair; frame 5, inverse complement starting at the second base pair; frame 6, inverse complement starting at the third base pair. encoding them (i.e., for molecular complementarity) and the resulting RNA-peptide interactions would additionally have been selected for their functions (ability to form platforms that bound other RNA sequences; promoted peptide formation; had RNA or DNA polymerase or ligase activity; stabilized RNA and/or peptides against degradation; etc.) (Hunding et al., 2006; Root-Bernstein and Dillon, 1997) . Prebiotic tRNAs, for example, may not have been just tRNAs, but also mRNAs that encoded crucial peptide sequences with various enzyme or structural functions that were enhanced by binding to their own, or other tRNA sequences. Specialization of RNA into ribosomal, messenger and transfer types likely came later in evolution.
Redundancy of encodings Ensures stability
Special note should be made of several aspects of the ways in which the rRNAs encode redundant information. The same protein segment is sometimes encoded in more than one rRNA. For example, the same sequence of DNA polymerase III is mimicked in 16S rRNA frame 5 and in the 5S rRNA frame 1 (Fig. 10) . Similarly, a shared region of D-tagatose 1,6-bisphosphatealdolase is encoded in both the 23S (frame 2) and 16S (frame 2) rRNAs, and a shared tagatose 6-phosphate aldolase region is encoded in both the 23S (frame 3) and 5S (frame 1) rRNAs (Fig. 12 ). Thus, one aspect of the selection process that yielded the rRNAs very likely involved selection for redundancy in the encodings. This redundancy is also evident in the repetition of the tRNA encodings in both the 16S and 23S rRNAs and in the encoding of many of the tRNAs both by transcription and by fragmentation of the rRNAs. Redundancy of information is also evident in the use of repetitive modules. For example, the recombinant hot spot core element proteins (rhsA, rhsB, rhsC and rhsD) share several common sequences not only among themselves but with several rRNA segments (see section on rhs in Fig. 10 ). We speculate that these shared and repetitively encoded elements represent key active modules from which larger proteins were subsequently assembled and thus provide clues as to evolution of macromolecular activity. Experiments might show, for example, that these modules contain a low level of whatever activity is currently embodied in the larger proteins into which they have been incorporated. Fig. 11. (continued) It is also notable that the encoded proteins are not present randomly in the rRNAs. Proteins with direct ribosomal functions make up about 55% of the similarities yielded by our BLAST search, strongly suggesting that rRNAs evolved to encode the information necessary to carry out their own functions. Other evidence of non-randomness can be found within the sets of proteins that are encoded as well. For example, modules of all the enzymes required to catalyze the reaction ATPþ D-tagatose 6-phosphate ⇌ADPþD-tagatose 1,6-bisphosphate are present among the phosphatases listed in Fig. 12 . Similarly, protein segments involved in the ligation of glutamate to cysteine and of cysteine to glycine are both present among the peptide ligases ( Fig. 9 ) permitting the synthesis of glutathione, a key peptide involved in ascorbic acid recycling and antioxidant functions that is enzymatically synthesized rather than translated from a gene. These observations suggest that the evolution of information encoded in the rRNAs was directed by selection for integrated functionality. A fuller mapping of the metabolic relationships of the proteins identified within the Figures here, as well as fuller investigation of the protein similarities not described in this paper, may reveal interesting clues about rRNA-encoding of other metabolic pathways.
Tests of the hypothesis
Several testable predictions follow from the implications just stated. If the ribosome predates the origins of cellular life, then tRNA encoded in rRNA will be found in all forms of microbes and all Fig. 12 . Phosphatases and related proteins. Only a selection of phosphatases has been selected from the results of the BLAST search. Approximately three times as many satisfied the search criteria (see Section 2). Sequences are listed using the single letter amino acid abbreviations. The middle rows list the amino acids shared by the ribosomally-encoded protein sequence and that of the modern E. coli K12 protein. The "þ" sign in the middle rows indicates substitution of a similar amino acid. The reading frames for the rRNA sequences are: frame 1, forward (5 0 -3 0 ) starting at the first base pair; frame 2, forward starting at the second base pair; frame 3, forward starting at the third base pair; frame 4, inverse complement (3 0 -5 0 ) starting at the first base pair; frame 5, inverse complement starting at the second base pair; frame 6, inverse complement starting at the third base pair. microbes will share similar tRNAs encoded in similar regions of the rRNA. More specifically, if one were to examine a bacterium other than E. coli K12, e.g., Bacillus subtilis, then we would predict that B. subtilis rRNA-tRNA regions would be very similar to those shared by the E. coli rRNA-tRNA regions. Given an early role for a ribosome-based genome, we further expect to find common E. coli rRNA-B. subtilis tRNA regions corresponding to B. subtilis rRNA-E. coli tRNA regions as well.
Similarly, if the ribosome predates the origins of cellular life, then the protein modules encoded in the E. coli K12 rRNA should also appear in the rRNAs of other microbes and be encoded in similar regions of their rRNAs. Thus, to be more specific, the list of ribosome-related proteins generated here for E. coli should be mirrored closely in the B. subtilis rRNA and should be encoded in the same order and in the same rRNA subunits. These predictions are, of course, subject to the rRNAs of the various microbial organisms being very highly conserved. Although this is often the case, it is not universally so and the exceptions may prove to be enlightening tests of our theory.
An additional test of the hypothesis concerns the possible functionality of the protein modules encoded by rRNA. Since many of these modules overlap or include known active sites of modern proteins, it is possible that these modules will themselves exhibit biological activity. Such activity should be relatively easily established by synthesizing the modules in question and testing them for the activity found in their modern counterparts. While a positive outcome to such experiments would greatly strengthen the hypothesis Fig. 12. (continued) proposed here, a negative result may simply indicate that these modules are vestigial remnants of a more complex ribosome complex that has off-loaded many of its functions to other organismal genes.
Similarly, it is possible that some of the tRNAs encoded in rRNAs retain functionality. Again, synthesis of these tRNA would permit their activity to be tested in a modern system to determine whether they can be primed with appropriate amino acids and recognize appropriate codons. And again, while a positive outcome would add significantly to the validity of the hypothesis, these tRNA may be vestigial and yield negative results. In this regard, however, it would be interesting to determine how few base substitutions would render such vestigial tRNA active.
Another prediction that follows from our data is that many genes in microbes, besides those encoding the ribosome itself, should have a ribosomal origin. This prediction follows directly from the fact that rRNA appears to encode large numbers of proteins with ribosome-related functions such as the synthetases, ligases, proteases, and phosphatases. These classes of proteins are so essential to cellular life that one would expect that if cells evolved to incorporate pre-existing ribosomes, then rRNA would be the basis for the class of genes encoding synthestases, ligases, protease, phosphatases, etc. for the cell as a whole. Thus, an examination of microbial genomes for rRNA-like regions should reveal significant proportions of these genomes to have originated as rRNA sequences. ribosomes were incorporated into all living cells. Ribosomal rRNA and the proteins making up the functional structure of ribosomes are now encoded in a separate DNA-based genome. The rRNA sequence may therefore be the vestige of an RNA-protein-based world that has been incorporated into a much more diverse and complex system. How much of that primitive world remains within the rRNA sequence is open to investigation. For example, fragments of most of the synthetases required to charge tRNAs with their appropriate amino acids are encoded in the rRNA sequences, but whether these fragments are the key, functional peptide sequences from which more specific and efficient modern protein synthetases evolved, or whether these are fragments of larger rRNA "genes" that have been shifted over to the DNA genome and now exist only as truncated vestiges, are possibilities that each need to be investigated further. We assume that presentday ribosomes have been stripped of some of their genes and proteins as a result of symbiosis with cells and the incorporation of ribosomal genes into the cellular genome.
New questions raised by the hypothesis
The observation that rRNAs encode tRNAs and modules essential to ribosome structure and functions may also force us to reconsider how translation machinery and its associated processes evolved. Most theories of ribosome evolution seem to focus on the origins of the protein translation center (PTC), since logically it would seem that ribosomal structures necessitating large proteins as a component could not evolve prior to the PTC itself (e.g., Fox, 2010; Tamura, 2011; Hsiao et al., 2013; Mushegian, 2005) . If rRNAs themselves encode tRNAs and key protein modules involved in forming the translation machinery, then the evolution of protein translation becomes a boot-strapping problem in which sequences of RNA and protein were mutually selected for encoding integrated transcription and translation functions along with the property of being able to self-aggregate into semi-stable translation platforms. In a prebiotic world, selection would have been for RNAs that could function simultaneously as mRNAs encoding functional protein modules, as primitive rRNAs capable of stabilizing these functional protein or peptide complexes, as tRNAs that could translate RNA sequences into peptides, and as "genes" that could replicate themselves. The evolution of specialized transfer RNA, ribosomal RNA and messenger RNA functions would have evolved only after, and perhaps as a result of, incorporation of the protoribosome into cells. The PTC may not be the origin of translation but the result of its evolution.
Our work does not explain the evolution of DNA, but it provides significant hints about how and why DNA storage of information may have evolved. Our guess is that DNA was a natural by-product of RNA replication since many of the RNA-encoded protein sequences (e.g., the ligases and polymerases) we have identified have cognate DNA-related functions. The synthesis of DNA as a byproduct of RNA replication would have resulted in an unintended but evolutionarily valuable effect: in "hard" times, during which RNA-based structures became unstable (perhaps due to heat, or changes in salinity or dessication) DNA would have served as a more stable template for ribosomal survival. Indeed, this conjecture gains some credibility from the discovery of transpovirons composed of short segments of DNA that "infect" viruses (Desnues et al., 2012; Yutin et al., 2013) . In other words, we suggest that genes evolved in response to protein translation, and to increase its survivability. Genes, then, may be the products of "selfish ribosomes" rather than their origin.
There are obvious limitations to this study. We have examined in detail only a single bacterial rRNA. As with any single species study, there is the possibility that our results are aberrant. The methods and materials used in this study are, however, readily available and easy to apply to the genomes of other bacteria, archaea and protista. Our own brief peek into several of these genomes suggests that our results will be replicated in studies of other evolutionarily primitive rRNAs and therefore that the general principles revealed here will be widely applicable.
The evolution of independently replicating ribosomes assumes that the necessary precursor molecules (sugars, bases, nucleosides, nucleotides, amino acids, etc.) were either readily available in the environment through inorganic, prebiotic reactions or that these are being provided by the simultaneous evolution of other hyperstructures capable of catalyzing these prebiotic reactions (Hunding et al., 2006; Norris et al., 2007 Norris et al., , 2012 Root-Bernstein and Dillon, 1997) . Acidocalcisomes, for example, could have co-existed separately from ribosomes but in the same environment, providing polyphosphate, polybutyric acid, calcium ions, and other cofactors required for ribosome function. Independent acidocalcisomes may also have buffered the local environment within which the ribosomes evolved. Co-localizing ribosomes and acidocalcisomes within a common membrane would have had obvious evolutionary advantages in facilitating homeostasis and shared metabolic functions. These shared functions would have needed to be incorporated as an integrated set into the first cells and the nature of this integration is not apparent from the present analysis.
We believe that our results provide tantalizing insights into evolution processes that bridge the RNA-world and compositional approaches to the origins of life with LUCA approaches to provide an intermediary state of organization that integrates selfreplication with protein translation. A self-replicating ribosomal entity would provide a logical intermediary between selfreplicating RNAs or compositionally-organized aggregates of molecules and highly organized, cell-encapsulated genomes. "Selfish" ribosomes, in short, provide one potential intermediary in the process of evolution from the first macromolecules to hyperstructures and finally cells. Table 4 Chi squared statistical analysis of probabilities that differences between the observed appearance of active site homologies in rRNA-encoded and mRNAencoded protein controls. The possible protein-encodings of rRNAs listed in Figs. 9-12 were evaluated for whether they overlap identified active regions of the proteins they mimic as listed in the UniProt protein database. The protein homologies found for the control sequences used to calculate Table 2 (fimbrial protein mRNA, sugar efflux protein mRNA and a non-coding mRNA) were evaluated in the same way. Bonferroni correction for 3 comparisons for each data set means that significance at the p ¼ 0.05 level is accepted at p ¼ 0.017 (i.e., α ¼ 0.017). p Values that remain significant are in bold. As in Tables 1-3, the results clearly demonstrate that rRNA encodes tRNAs at a significantly higher rate than a random assortment of mRNAs, and certainly higher than would be predicted from the "null hypothesis". "tRNA cut" refers to direct homologies between tRNAs and rRNAs (implying that tRNAs could be generated by cutting or editing the rRNA itself (Figs. 3 and 5). "tRNA transcribed" refers to the production of tRNA-like sequences from rRNAs by transcribing the rRNA (Figs. 1, 2 and 4 ). "Synthetases" or "Synth" refers to the sequences in Fig. 9 . "Polymerases" or "Poly" refers to the sequences in Fig. 10 . "Ribosomal proteins" or "Ribo Prot" refers to the sequences in Fig. 11 . "Phosphatases" or "Phosph" refers to the sequences in Fig. 12 . Note that all of the 5S, 16S and 23S rRNA sequences, in one or more reading frames, encodes either one or more proteins associated with ribosomal function and/or one or more tRNA sequences. Note also that there is high redundancy in the encoding of the classes of proteins and of the tRNAs.
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